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I.

ABSTRACT

There is a need for increased pedestrian visibility. Improved athletic
clothing with built in visibility features would enhance a roadside athlete’s
safety. This experiment aims to create such an athletic shirt, while
incorporating wearable biotechnology. A sweat battery that produced a
voltage of 0.49 V and a current of 5.16 mA was created to power the
visibility aspects of the shirt. The battery uses an aluminum anode, a
carbon cathode, a sponge block as the container and semi-permeable
membrane, and the body’s eccrine sweat as the electrolyte solution. The
battery cells were arranged into blocks to produce an optimal current and
voltage to power light emitting diodes (LED’s). The athletic shirt design
was evolved from a previous sweat belt design, which used three blocks
of sweat batteries to light 18 LED’s. The athletic shirt was designed with
two components, a top layer with the visibility elements and the bottom
with the power sweat battery component. The shirt was run through three
trials, where it failed to produce enough voltage or current to power any of
the visibility elements. The main experimental factors that caused the
discrepancy were due to sweat rate and composition. Lower sweat rate
and electrolyte concentration (specifically sodium and chloride ions)
between the shirt trials and the belt trials resulted in halving the power.
This design is an interdisciplinary innovation, but requires more
consistency and development before it can be actively used.
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II.

INTRODUCTION

2.1 PROBLEM STATEMENT

Pedestrian visibility is an important factor in their safety. Studies
show that most pedestrian fatalities or injuries occur due to poor vehicle
visibility (Hagel et al, 2007) This problem presents a need for a selfpowered athletic shirt that has lights and colors in an easily recognizable
pattern so as to easily identify a runner or biker. The shirt needs a
biocompatible, safe, and inexpensive power source. This design project
seeks to expand upon the sweat battery prototype which was created by a
senior design group at Syracuse University. The sweat battery uses a dry
battery design, and soaks up sweat to act as an electrolyte solution which
runs the battery. This design creates a practical application for the sweat
battery technology. The sweat battery is a safe, alternative form of energy
ideally used in an athletic application. Improving the battery design and
using it to solve a practical problem is the natural progression of the
technology. Clothing and technology are becoming further integrated with
each other in the growing field of fashionable technology, and there is a
growing range of textiles and fabrics that can be used to integrate
technology into wearable clothing. This design utilizes these new
techniques to create a wearable “smart” athletic shirt, which promotes
alternative energy sources and pedestrian safety.
2.2 PEDESTRIAN VISIBILITY AND SAFETY

Visibility of pedestrians is a big component of pedestrian safety. A
majority of damaging accidents that occur on the road are vehicle and
pedestrian related. Additional visibility does enhance driver’s abilities to
see and react to human forms. Studies have shown that during the day,
red, orange, and yellow fluorescent materials helped with driver visibility;
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while lamps, flashlights, and reflective materials helped at night. The same
study showed a 38% reduction in accidents when reflective clothing was
worn during the day and a 53% reduction at night. The study showed that
a majority of pedestrians do not wear brightly colored or reflective clothing,
and this does affect their visibility and consequently safety (Hagel et al,
2007).
Pedestrians need to wear athletic gear that gives them more
visibility, especially at night. In a controlled test, where drivers knew they
were being tested on their ability to recognize a pedestrian in nighttime
conditions, only 5% detected a pedestrian wearing dark clothing on the
side of the road. This extremely low percentage shows how easy it is for
drivers to completely miss people exercising in poorly lit conditions. G.
Johansson started to explore the concept of biomotion in the mid 1970’s.
He illuminated only the major joints of the body while they were in motion,
and then showed the scene to observers. The observers were almost
instantly able to identify human motion. The brain is biologically
programmed to subconsciously recognize human motion. While lights and
reflectors definitely help improve visibility, they are especially effective
when arranged in a biomotion pattern. Numerous studies have shown that
the torso alone does not communicate gait or movement, so it works
better when the reflectors are moved to highlight the extremities. The
study found that the reflectors were especially important when the
pedestrian was walking or moving with a natural gait, so it is especially
important for roadside athletes. When the reflectors are strategically
placed to outline human extremities, the driver will actually have a quicker
reaction time (Tyrrell et al, 2009).
2.3 BATTERIES

All batteries operate by the same basic premise. They are
composed of a negative electrode, or the anode, and a positive electrode,
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the cathode. Negatively charged anions are attracted to the anode, while
positively charged cations migrate to the cathode. The two electrodes are
separated by an electrolyte solution, which contains charged anions and
cations. The electrolyte solution allows the movement of the ions from one
electrode to another creating a flow of charges, or current. The voltage of
the battery, or the electromotive force (EMF), is the reduction difference in
potentials of the two terminals (Tuite, 2009).
The chemical reaction occurring at the electrodes creates an
electric potential, as shown by the Nernst equation. The Nernst equation
refers to the reduction and oxidation reactions that are occurring at each
electrode. As a metal loses electrons in an oxidation reaction, it becomes
positively charged. In a reduction reaction, the metal gains electrons. As
these reactions occur, there is a change in free energy as associated with
the movement of electrons. All metals have a potential, or voltage, in
solution. Therefore, a battery is simply the pairing of two metals that have
balanced oxidation-reduction equations and capturing the difference in
potential of the two. However, the metals will eventually reach an
equilibrium stage with the solution and the corrosion of the metals will stop
and the current will cease (Ratner et al, 2004). Therefore, although a
battery can be easily established with an acidic solution and two differently
charged metals, the length of the reactions are limited.
2.4 BODY SWEAT AS AN ELECTROLYTE SOLUTION

Sweat is a clear electrolyte filled solution in an attempt to maintain
homeostasis, which is produced when the body heats above its baseline
temperature. Sweat is composed of mostly water, but contains many
different ions. The alkaline properties of sweat allow it to be used as the
conducting electrolyte solution in batteries. Sweat contains varying
concentrations of Na+, K+, Mg2+, Ca-, P, and salt, all of which help give the
solution an electrochemical gradient. The electrolyte concentration stays
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fairly consistent regardless of the sweat rate, so it is a fairly consistent
form of electrolyte solution (Kilding et al, 2009). During an hour and a half
of working out, study measured that a group of well trained athletes each
lost a sweat volume of 548 ± 243 ml, and the mean sweat rate was 0.31 ±
0.1 L/hr (Maughan, 2009). Eccrine sweat glands produce the diluted
electrolyte solution that is commonly characterized as sweat. These
glands are located all over the body and are activated by genes and
hormones controlling thermoregulation. The porcine glands produce the
thicker, odorous sweat, and are located mainly in the axillary cavities of
the arms, around the mammary glands in females, in the genital areas,
abdomen, and scalp (Hrastic, 2005). However, during thermoregulation all
the eccrine glands tend to sweat in order to cool the body down. The torso
is the ideal place for sweat collection due to the sweat gathering and
running down the large surface area.
2.5 ALTERNATIVE BATTERY DESIGNS

Many different kinds of alternative battery designs have been
developed already. The sweat battery design resembles the reserve
batteries discussed below. There are also other batteries that have been
developed using bodily fluids as the electrolyte solution. These designs
were examined to find parallels between them and the sweat battery.
These existing designs also validate the feasibility of the sweat battery
design.
Reserve batteries, often used by the Army, consist of simply a dry
anode and cathode and are activated by salt water. They typically use
magnesium as an anode and a chlorine alloy as the cathode. In the top
performing reserve batteries, a silver chloride anode cathode pair is used.
The batteries remain dry and have a long shelf life, and are activated
using an electrolyte solution. Aluminum anodes are also used in reserve
batteries (Water Activated Batteries). Ultralife Batteries, Inc. has
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developed the batteries for the army, consisting of a compact unit of
magnesium and silver chloride electrodes, which remain stable until
immersed in seawater. The design of these batteries is ideal for their
applications, in buoys, air-sea rescue equipment, underwater defense
systems, and meteorological devices (Seawater-Activated Batteries).
Another unique battery design uses urine as the electrolyte
solution. Engineers at the Institute of Bioengineering and Nanotechnology
developed paper-thin batteries that use magnesium and copper chloride
electrodes and are activated with a drop of urine. The battery has the
cathode layered directly on top of the anode with a paper layer in
between. This battery design is well suited for its applications in urine
screening devices, and uses inexpensive raw materials, which lowers the
cost of many biomedical devices that are used to screen urine (Lee,
2005). Both of these battery designs use unique solutions to interact with
their environments and produce power.
2.6 SWEAT BATTERY DESIGN

A Syracuse University BEN 487 Bioengineering Senior Design
group at Syracuse University developed a sweat battery following the
concepts of the batteries above. They created dry batteries, which when
saturated with sweat would produce power. Each of the battery cells was
composed of a sponge cloth square (Scotch-Brite), with the anode and
cathode secured on both sides of the cell, as shown in Figure II-1 below.
The cathode was artist’s charcoal, or carbon, and the anode was
aluminum mesh; both metals are biofriendly and created the highest
voltage of the tested materials.
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Figure II-1: An individual battery cell. Made out of sponge, and the seams around the bottom and sides
are closed with glue. The aluminum and carbon are inserted in the top, and then sealed in with wires
protruding.

The battery cells were arranged in a circuit on a neoprene waist
trimmer (Valeo), which helped secure the cells and induce sweating
around the torso. A model of the design is shown in Figure II-2. This
design allowed for maximum saturation of the cells. The battery cells were
arranged in blocks of twelve, with combinations in series and parallel to
get a maximum voltage and current output. Each block of cells had a total
voltage of 2.0 V and current of 6.0 mA. This was sufficient to light 6 LED’s
connected in parallel.

Figure II-2: Sweat battery belt. Three rows of series were connected in parallel with output wires.
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The group established an easily reproducible method for
assembling the sweat battery cells, keeping the size of everything
consistent from cell to cell. The battery sets can last through three uses,
and can be cleaned in between. The batteries are safe and do not have a
high enough voltage to pose danger to the body (DePompeo et al, 2009).
The sweat operated battery that the design team created is ecofriendly, sustainable, inexpensive, and upholds the concept of using
available resources for energy. Sweat is very naturally connected with
athletics, so using sweat to power batteries in athletic clothing was the
next step towards moving this technology into a practical application.
There is a need for “smart” clothing. Having features such as powered
safety lighting and a heart rate monitor would be the next step in wearable
technology. Using a sweat powered or activated battery would put the
waste to work.
2.7 FASHIONABLE TECHNOLOGY

“Fashionable technology,” which was named as such by Sabine
Seymour in 2000, is a relatively new approach to fashion, combining hard
technology into wearable, functional, and aesthetically appealing pieces.
This project is aimed at creating a functional wearable, which has a
defined function yet has some stylish appeal. The technology is built in to
the actual garment, which incorporates the technology more with the body,
rather than the technology being a separate entity. New fabrics are
incorporating technology to provide the properties of electronic materials,
yet maintain the texture and properties of fabric. For example, carbon
nanotubules can be incorporated into the fabric microfibers to give the
fabric conducting properties. Designers are constantly searching for
energy alternatives to batteries, so the sweat battery design is a step in
the right direction. Regular batteries provide health and recycling
concerns, due to hazardous components or battery leakage. Solar energy

Vesty |8

is a frequently used alternative, but one of the sweat battery cells actually
gives more power than a solar panel cell (Berzowska, 2005).
When designing wearable technology, the garment must combine
many factors: wearability; perception, or the look and feel; functionality,
the usability of the piece; technology components; materials that are
durable, washable, and interactive; and the energy component. The
garment also works best with a modular design, where the electrical
components can be easily removed or replaced for washing or failure.
Electronic textiles are a good choice for wearable technology
because of the advantageous properties they have over traditional
electronic components. Conducting textiles are durable, washable,
flexible, and easily incorporated into clothing (Berzowska, 2005). As of
now, there has been a lot of development in the military to create
wearable technology, and a lot of very useful inventions have been
created, such as blood pressure sensing socks which alert the user to low
blood pressure in their lower extremities, or to jackets that incorporate in
microphones that can detect threats such as distant vehicles. These
applications all have pockets in the fabric, which are used to hold batteries
that are needed to fuel the system. Batteries are usually bulky and heavy,
so an alternative solution is needed to power the smart clothing
(Berzowska, 2005).
2.8 EXISTING “SMART” CLOTHING

In the athletic wear field, some smart clothing has already been
developed. North Face has developed the MET5 jacket with electronics
integrated into the outerwear. The jacket is made of a special tightly
woven nylon fabric, and has Polartech heating panels distributed between
the layers to literally warm up the user. The panels are powered by
lightweight, rechargeable, lithium ion batteries. There is a panel welded
into the chest, which controls the power and turns the panels on and off.
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The main problems the users had with the jacket were with the batteries
and power not working correctly (The NorthFace MET5 Jacket).
Vivometrics created a LifeShirt, which tracks cardiac rhythms. The
shirt is a noninvasive biomedical device which tracks various physiological
metrics, mainly heart and respiration rate. It can be used during rest or
exercise, and the integration of technology into clothing allows mobility for
data collection that is not available in the clinical setting (Heilman et al,
2007). The system consists of two sensor bands that fit around the
abdomen and thorax. These are combined with a snugly fitting shirt, which
also holds the computer console (Derchak). The shirt is powered by a
large battery system which is integrated into the shirt.
The smart textile developer, Sensatex, further improved this
concept of integrating vital sign monitoring into a wearable garment.
Sensatex created the SmartShirt System, which integrates a conductive
fiber grid into a fully washable shirt. The conductive fiber network can
detect movement, heart rate, and respiration rate as analog signals and
transmit them to a remote console for monitoring. The system integrates
smart textiles, wireless communication, and advances in bioengineering
(Sensatex).
All these emerging technologies suggest a trend of the union of
fashion and technology. Advances in wearable technology are not just for
aesthetic or paltry reasons; they serve functional purposes in both the
athletic and bioengineering fields. However, all of these “smart” shirts
require sources of power, which are usually batteries integrated into or
separate from the shirt. This project aims to create a wearable technology
shirt that increases pedestrian safety. Since the shirt is primarily meant for
people engaging in athletic activity, an alternative power source was
developed. The shirt works with the body, and absorbs the eccrine sweat
cast off during thermoregulation. The sweat serves as the electrolyte

V e s t y | 10

solution in the “reserve batteries” built into the shirt, which are not
activated until saturated with sweat.
To test and create this design, every aspect had to be built out by
hand. The sweat batteries were thoroughly tested and developed to create
a biocompatible power source that put the body’s waste to work. The
batteries were arranged and hand sewn on a bottom sweat-wicking layer,
and then tested for functionality. The top layer shirt was independently
developed, incorporating in all of the wearable technology elements. The
following section, Materials and Methods, describes the development
process in through detail.
III.

MATERIALS AND METHODS

3.1 MATERIALS
1

SCOTCH-BRITE SPONGE

The body of the battery cell is made of Scotch-Brite Sponge Cloth,
which acts to hold the electrodes as well as soak up the electrolyte
solution. The sponge cloth is flat and easily maneuverable, but has many
layers which can be separated to incorporate the anode and cathode in.
The cloth comes in squares of 6.8 x 7.8 inches and is 1 cm thick. The
large pieces were then cut down into smaller squares of 2 x 1.25 in. The
square was split with a butterfly cut on each side horizontally, leaving a
thin membrane vertically intact in the center. This acted as the semi
permeable membrane in the battery configuration. The sponge cloth was
ideal for this application because it absorbs and retains fluid very well. The
Scotch-Brite Cloth was available in packages of two for $3.00 from Target.
2

CARBON BAR

Pure carbon, also known as graphite, acts as the cathode in this
design. Graphite has a loose, hexagonal structure that allows it to act as a
good electrical conductor. Carbon is often used as the electrode or
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another part of batteries because of its electrical conductivity, low weight,
low cost, chemical stability, and ability to perform very well in aqueous
electrolyte solutions. The loose, layered structure of graphite makes it
ideal for absorbing part of the electrolyte solution while still allowing it to
interact with the other electrode, therefore creating current. It is fairly
difficult to find an alternative for batteries that would perform as well as
carbon. Carbon has been used in batteries dating back to 1792, so it is
very well established as a cathode in electrochemical applications
(Kinoshita). The previous sweat battery design used artist’s charcoal as
the cathode, but this updated design uses pure carbon electrode bars.
The flat carbon electrode can be ordered from miniscience.com for $3.50
per bar. The bar is 125 x 25 x 5 mm as seen in Figure III-1, and was
machined down to smaller pieces.

Figure III-1: Carbon (left) and aluminum (right) electrodes in their pre-machining form.

3

ALUMINUM BAR

Aluminum has a very low resistivity, coming in behind copper, gold
and silver with a resistivity of 2.82 × 10-8 Ω·m. It is also not expensive and
lightweight, making it a good material to be used in the batteries. The low
resistivity gives it great electrical conductivity, so aluminum is a good
choice for an anode (Elert). It is $1.72 for a 125 x 20mm aluminum
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electrode from miniscience.com. The bars, shown above in Figure III-1,
were cut into smaller pieces for easy assembly of the battery cells.
4

WIRE

Kynar Wire was used for a majority of the circuitry due to its low
resistance, high conductivity, and easy manipulation. The wire is a very
thin silver plated copper wire, coated with a plastic insulating sleeve. The
coating of the wire was colored either red or blue. The wire was cut into 7
inch long pieces, and then the coating was stripped by two inches on each
side, leaving three inches of insulation in the middle. The bare wire was
wrapped around the carbon and the aluminum, one on each side. This
connected the cells in series. To connect the rows in parallel, the wire was
wrapped around two end pieces of the same conductivity, so either two
pieces of carbon or two pieces of aluminum. The wire was very flexible,
thin, and ideal for wearing on the body. Thicker diameter wires provided
more resistance to the circuit and added discomfort when compressed
against the body (Wire).
5

SUPER GLUE

Krazy Glue was used to seal the edges of the sponge battery cells.
It is a fast drying, very strong adhesive that is waterproof and incredibly
resilient. The glue is non-toxic and clear. The chemical compound that it is
composed of is ethyl cyanoacrylate, and it is activated by water (Krazy
Glue). The glue was dropped onto one side of the sponge flap in even,
small intervals, and then the upper layer was immediately compressed
down into the glue to complete the bond. This seals the anode and
cathode into the sponge, creating a battery cell.
6

SWEAT WICKING SHIRTS

The inner layer of the apparel is a C9 by Champion tight fit athletic
shirt. The shirt features moisture wicking technology and a patented Duo
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Dry fabric. The shirt works to pull sweat away from the body and propel it
to the outside of the fabric. This was ideal for the inner lining of the athletic
shirt, so the sweat could reach the sweat batteries without them having to
directly touch the skin. The shirt is 94% polyester and 6% spandex, with a
very tight fit. The shirt retails for about $20 at Target stores.
The outer layer of the shirt is a NikeFit Therma shirt. The fit is a
little looser than the inner layer. It is still made with a combination of 90%
polyester and 10% spandex giving it a very flexible fit. The shirt costs
about $55.
7

ELECTROLUMINESCENT WIRE

Electroluminescent wire, or EL wire, is a thin, flexible copper wire
coated in phosphor, which emits bright light. The phosphor and wire are
coated with PVC coating and a vinyl coat. The wire is powered with AC
voltage, usually channeled through a driver. It needs very little current,
and can be powered by small voltages. Electroluminescent wire comes in
different gauges. This project uses the thinnest gauge, with a diameter of
1.5 mm. The wires come in many different colors; in this case aqua and
yellow were used. The thin wire costs $6.15 for a three-foot section, with a
connector attached. The driver used was a small, F1AA 1.5 Volt 3000 hz
driver, which can be run off one AAA battery. The driver is not waterproof,
so it must be secured and extra measures must be taken to protect the
consumer. It is fairly small at 2” x 1” x ½”, and costs $9.95. All materials
were ordered off of glowire.com.
8

CONDUCTIVE TEXTILES

The project incorporates many aspects of wearable technology with
conductive textile elements. Conductive hook and loop, or Velcro,
conducts electricity with low resistivity. It is used for switches or
connection points. Pure copper polyester taffeta fabric was also used. The
fabric has copper woven into its fibers, which conducts like a wire but
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maintains the flexibility and properties of textiles. The conducting fabrics
and Velcro are expensive though, costing about $11 / linear foot. They can
be found on lessemf.com. Connective thread is used to connect
conducting elements such as metal snaps and the conductive fabrics. The
thread used was a thicker, 234/34 ply that is used for hand sewing. The
resistance of the thread is about 14 Ohms per foot. One spool, or about 75
yards, costs $30 on sparkfun.com.
9

LIGHT EMITTING DIODES

Light Emitting Diodes, or LED’s, are very low voltage bulbs that
emit an efficient amount of light. They come in a variety of colors, each
requiring a different amount of voltage corresponding to the wavelength of
light they are emitting. Blue LED’s require the greatest amount of voltage
to light due to their higher frequency and energy wavelengths that they
emit. On the other end of the spectrum, red LED’s require the lowest
amount of voltage to emit photons of low frequency red light (Middleton,
2010). This project uses amber or yellow LED’s, which are on the low
energy end of the spectrum. They require about 2 V to light. The minimum
voltage required determines the color the LED emits, while the current
determines how brightly it shines. The LED’s have positive and negative
leads, and can be connected in parallel and series. For this project’s
purposes, they are connected in parallel, where they all share the same
input of voltage and split up the input current. LED’s are relatively
inexpensive, and can be bought in bulk for about $0.30 each.
10 NEOPRENE WAIST TRIMMER

The Neoprene Waist Trimmer is an athletic training aid. Developed
by Valeo, the waist trimmer is a 10” x 40” black neoprene belt that fastens
with Velcro around the waist. Neoprene is water resistant and has “saunaaction” capabilities, inducing sweat in the area it is covering. In this case,
the waist trimmer was useful for securing battery cells around the
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abdomen and retaining the sweat in the area. The belt was purchased off
of amazon.com for $6.36.
3.2 ASSEMBLY

The materials were all gathered and then manipulated to fit design
requirements. To start, each of the sweat battery cell components were
cut. The carbon and aluminum bars were cut using the DoAll Contour
Machine shown in Figure III-2. (Des Plaines, Illinois). The machine cut the
bars in pieces that were 1” x 0.25” x 0.25”. The aluminum bars were cut
into pieces 0.75” x 0.25” x 0.25.” The actual machining is shown below in
Figure III-3.

Figure III-2: (above) The DoAll Contour machine, which has interchangeable blades.
Figure III-3: (below) The slicing blade up close; a metal bar was placed ¼ inch away from the blade for
cutting precision. The metal was then fed through the blade to create the small electrodes.
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The sponge cloths were cut into pieces 2” x 1.25”, with a thickness
of 1/16” for the front assembly, and a little larger at 2” x 1.5” for the back.
Holding the sponge horizontally, it was physically torn apart to separate
the layers into two, creating a butterfly effect. A barrier was left intact in
the middle of the two spliced sides. The wire was cut into 7 inch
segments, with two inches stripped on either side. Three inches of
insulating plastic covering was left in the middle. The wire for the back
battery cells was cut a little longer to allow for flexibility, at 10 inches total
with 3 inches exposed on either side and 4 covered. The materials looked
like below in Figure III-4 once they were all compiled.

Figure III-4: The prepared materials before assembly; stripped wires, split sponge cells, and cut
electrodes.

Once the basic pieces were all compiled, the sweat battery cells
were put together in an assembly line fashion. Nine wire segments are
wrapped around the anodes and cathodes, with carbon on one side and
the aluminum on the other. These segments are used to connect the cells
in series. Two more segments are used to connect three pieces of carbon
in a vertical fashion. One leader wire is connected to the top piece. These
are used for the end of the cell block, where the three rows of series are
connected in parallel. The same thing is repeated with the aluminum. The
sponge pieces are then used to create individual cells. The end piece of
aluminum is slipped inside the left fold of the sponge, and then the edges
of the sponge are glued to secure it in place. One of the series pairs is
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then used for the other side, with the carbon secured into the right pocket.
The attached piece of aluminum fills the left pocket of the next cell, and so
on. This repeats for four cells in series, with the last carbon being one of
the parallel carbon series. The next two rows of series are built out in the
same way, with the end result being a cell block of 3 connected rows of 4
cells in series. The blocks were laid out and assembled as shown below in
Figure III-5. Two blocks of cells were created.

Figure III-5: A battery cell block being assembled. The three rows of series already have the anodes and
cathodes fastened in place, and the end piece of two anodes is being held up, ready to connect two
rows in parallel.

The blocks were then hand sewn onto the inner layer C9 shirt. The
shirt was marked to determine the positioning of the cells, and then they
were held and securely sewn in place. One block was sewn onto the
abdominal area, with another block on the back, shown in Figure III-6. The
cells were spaced to allow for some movement and stretch of the material.
This resulted in two blocks of batteries, each with their own positive and
negative leads.
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Figure III-6: The bottom layer shirt being worn. Both the front and the back had two different output
leads, creating two samples.

The top layer shirt was then prepared with the design
specifications. The electroluminescent wires were arranged in such a way
to convey biomotion. Ribbons were sewn onto the shirt in a flowing design
emphasize the human form and joints using a zigzag stitch on a standard
sewing machine, the Bernina 1008 (Bernina International). The EL wires
were then sewn over different sections of the ribbon to highlight the top.
The driver was incorporated in through a plastic pocket on the bottom of
the shirt.

Figure III-7: (Above) The Bernina sewing machine used to sew most of the stitch work.
Figure III-8: (Below): The top layer shirt with the ribbons and lit EL wire, all arranged in a flowing pattern
to highlight the human form.
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LED’s were also incorporated into the design in order to highlight
the planes of the body. Small diamonds of bright pink ribbon were sewn
into more organized planes of the shirt, specifically the front and the sides.
The runner faces traffic when running, so the front and sides were the
most important bodily planes to highlight. The LED’s contrasted the
flowing nature of the EL wire. Conductive fabric and thread was used to
connect the LED’s in parallel and connect them to a power source. The
fabric was divided into two strips that were kept separate. The positive
leads of the LED’s were sewn using conductive thread to one strip, while
the negative leads were connected to the other strip, as shown below in
Figure III-9. The configurations were tested using a DC power supply
(Agilent model E3620A), with one lead connecting to the positive strip and
one to the negative.
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Figure III-9:(Left) A test configuration of the LED’s with conductive fabric and thread. The circuit is
entirely created by conductive textiles. (Right): The left sleeve group and the chest group connected by
two bridging strips. Electricity was conducted from the left group to the middle.

The strips needed to be kept separate or else the circuit would
short out. The LED’s were arranged in groups of three; one group lit each
sleeve and one highlighted the chest. The groups were connected on the
underside of the shirt. The groups were then bridged by more conductive
fabric strips to complete the circuit. The conductive fabric simply needed
to overlap another strip of fabric to conduct the electricity through it. As
seen above in Figure III-9, the right LED is connected to two strips that are
simply laid over the rest of the circuit, but it is still lit. Overlapping
connections like that one were secured with conductive thread. The final
LED circuit resulted in 9 LED’s connected in parallel, with two conductive
textile lines leading to the bottom for a power connection as seen below in
Figure III-10.

Figure III-10: The LED circuitry on the underside of the shirt. Shown on the left just with the circuitry, on
the right the LED’s are powered by the DC power supply.
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3.3 TESTING

After the initial building of this project, there were a few areas that
needed to be tested to assess the design. The shirt needed to be
wearable, durable, reproducible, functional, and enhance the runner’s
safety. These factors were all important to gauge the success of the shirt.
1 WEARABILITY

Wearability of the shirt was an important factor because this design
is intended to be a wearable item. The technology is incorporated into the
clothing as according to fashionable technology, and the shirt is supposed
to be wearable as well as function. Factors such as discomfort due to
batteries, temperature, sweat retention, and impedance to movement
were rated on a one to five scale by the two subjects wearing the sweat
battery shirt and the belt. The scale ranged from a rating of one, where the
factor was bothersome, to a rating of five, where there was no noticeable
difference. While somewhat subjective, this was the only viable way to
assess the actual wearability of the garment.
2 DURABILITY

Durability is an important factor in any design, especially in athletic
applications. In this case, durability refers to how the shirt and batteries
are able to withstand wear. The best test of the durability of the design
was to actually wear it and observe how it performed. The first indication
of durability was whether the cells were able to withstand being stretched
and taken on and off without breaking or pulling apart. The shirt was then
worn while running, so the participant could get hot enough to start
perspiring. The durability was rated again by the subject on a one to five
scale. A rating of one meant the design was weak, and the design
crumbled, fell apart, or didn’t function due to a mechanical error. A rating
of five meant the design aspect was strong and robust, and the
mechanical structure of the design didn’t interfere with function.
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Another aspect of durability was the ability of the shirt to be
washed. The top shirt could be disconnected from the skin-contacting
shirt. The bottom shirt could be hand washed in warm water to remove
any of sweat traces. The cells could also be washed with an alcoholbased solution to kill any bacterial that might be growing and to stop
corrosion in the battery cells. The shirt could then be rewashed in water to
wash away any extra alcohol so it wouldn’t interfere with the performance.
The shirt could then air dry until the next application.
The corrosion aspect of the cells also had to be considered. The
mean time between failures (MBTF) was calculated, determining the
interval of time that it would take the cells to completely fail if they were left
unwashed and corroding. The shirt was tested for three intervals of over
an hour each, with two days in between each testing. Because of washing,
the shirt was able to extend past its MBTF, but the cells were measured
after the third usage to determine the level of corrosion. The voltage and
current difference of the cells before using and after would determine the
durability of the cells, and how many uses they could withstand before
corroding beyond use.
3 FUNCTIONALITY

To start, the functionality of the batteries and the lights were tested.
Following a similar procedure as the bioengineering senior design group,
the cells were tested in artificial conditions before being worn. A few single
cells were produced using the materials discussed above, and then a
solution of artificial sweat was made to test them with. The artificial sweat
was simply a solution of water and salt mixed together. A table shows the
effect of different salt concentrations. A concentration similar to the body
was chosen, and then the cells were tested using different forms of
aluminum and carbon to see which produced the best results. A few cells
were individually tested to determine a mean voltage and current that
each cell produced. The LED’s and electroluminescent wires were tested
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with a digital multimeter (GW model GDM-8034) and a DC power supply
(Agilent model E3620A) to determine their working voltages, and
determine the safety range they could be operated in. The testing was
important to ensure that the lights wouldn’t blow out with the amount of
current and voltage being produced by each of the battery blocks.
The individual cells were put into different configurations of series
and parallel to determine the best voltage and current output. The
properties of voltage and current according to circuit theory were studied
to determine the best layout for the cells. When cells are connected in
series, the output voltage is a sum of all the inputs, and the current
remained constant. When elements were connected in parallel, the
voltage remains constant while the current is divided among them
(Pakhchyan 12). The ideal configuration would be a 3 by 3 matrix, but
experimental results showed that another cell was needed to provide the
same voltage and current. The final configuration was a 3 by 4 matrix, or
“block”.
The shirt was powered by two blocks of cells. Each block contained
twelve individual battery cells. Four cells were arranged in series to create
a row. Three rows were connected in parallel to create the whole block, as
shown below in Figure III-11. Each block had a total voltage of around 2.0
Volts and a total current of 6.0 mA. This voltage and current was ideal for
powering the EL wire driver, which was suited for 1.5 V. Some voltage
would be lost due to resistivity of the connections, so it was important to
have enough power to light it. The voltage and current were tested in fiveminute intervals using a portable multimeter (Velleman DMV850BL,
Gavere Belgium). To assess the functionality of the actual sweat battery
shirt, the shirt was tested according to the procedure below.
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Figure III-11: A Computer Aided Model (CAD) design of the battery cell configuration. Each of the colors
represents a row connected in series, and the last cells in each row are connected in parallel. Positive
and negative output wires extend from the unit.

The tests on the same blocks were performed using a four by four
matrix. Each of the blocks on the shirt was tested independently, each
giving separate data sets. Both blocks were tested a total of three times,
or the expected lifetime. The tests were altered depending on the outcome
of the previous test in order to get the best outcome.
The first trial was conducted wearing solely the undershirt with the
sweat batteries built in. The front and back battery blocks acted as two
separate samples, and were tested for voltage and current every five
minutes during a vigorous cardio workout on the treadmill. The voltage
and current were monitored using a portable multimeter (Velleman
DMV850BL, Gavere Belgium), which was calibrated beforehand by testing
it with a new battery. The shirt was tested again after removal. The
batteries were compressed to see if there was a difference in voltage and
current readings. Sweat battery under layer shirt was washed with warm
water and soap and hung to dry. Connections were double checked and
repaired if necessary before second trial.
The voltage and current were not as high as expected during the
first trial, so the trial was performed wearing a compressive Neoprene
Waist Trimmer belt over the battery blocks to provide compression and
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collect sweat for the batteries to absorb. The same methods were used as
in trial one.
It was hypothesized that the NaCl concentration of the sweat was
causing a difference in voltage and current between the old and the new
design. An artificial sweat solution with a very high concentration of NaCl
was created, with 4 tsp of salt in one liter of water. The water was initially
hot to help dissolve the salt, and then cooled to about 37°C to mimic a
fluid at body temperature. The salt solution was administered from the
inside of the shirt, and the shirt was secured using the Neoprene sweat
belt to mirror actual conditions of the last trial. The water was refreshed
every ten minutes to mimic the continual flow of sweat. A book was placed
evenly over the cells to provide a tension, as they would experience if they
were spread against the body with the belt held against them. The voltage
and current of both the front and back were measured and recorded every
five minutes.
The functionality of the different designs could be determined by
comparing them all on voltage vs. time and current vs. time graphs, to see
which results were highest or lowest.
4 REPRODUCIBILITY AND REPEATABILITY

Reproducibility and repeatability were important factors in creating
all of the sweat battery cells. Repeatability is the measure of if consistency
within a system, or in this case within one sample block of cells.
Reproducibility refers to consistency of measurements between systems.
When each of the cells was connected in the circuit, the voltage and
power produced would not match theoretical calculations if each of the
cells was not exactly the same. While obviously the calculations were
based off of an ideal environment, steps were taken to ensure that the
cells would come as close as possible to being identical. The cells were all
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measured and created with the same techniques to minimize
discrepancies.
Therefore, with all the cells kept consistent, the design should’ve
exhibited both reproducibility and repeatability. The means and standard
deviations were compared for each sample to measure reproducibility. If
they were similar according to statistical analysis, then the results would
be considered repeatable. The same analysis was applied to the different
samples, in this case the different blocks of cells, would determine if the
results were reproducible.

5 SAFETY

The safety of the user was also important. The materials were
tested against the skin to determine if there were any unpleasant
reactions. Some of the materials initially considered had to be ruled out
due to their corrosive properties, so these materials were tested to ensure
that they were biocompatible. The second safety concern involved the
safety of the electronics involved. Exposed wiring could conduct electricity
if it came in contact with the skin, so a safety factor was calculated to
make sure the voltage wouldn’t be damaging. Also, the wires were
touched during operation to determine that there was no harm to the user.
On top of these precautions, the wiring and electronics were all separated
from the user by a layer of polyester and elastic material. The driver for
the EL wires was also a concern operating as an electronic device in a wet
environment. The driver was encased in plastic and separated from the
body by a layer of material for protection. It was also tested to determine
the amount of voltage coming out of it, and whether it would be harmful to
have human contact.
The enhanced safety of the runner could be determined by the
amount of light that the shirt emits. If in darkness from 20 feet away, an
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individual can make out the lighting or reflection of the shirt and it gives
the appearance of a human torso, then the safety will be effectively
enhanced. If the lights emphasize the joints, then the shirt will correctly
convey biomotion.
IV.

RESULTS

4.1 WEARABILITY

The discussion of the wearability aspects is shown below. Each
aspect was rated on a scale of one to five, with none of the aspects
dropping below a three on the rating scale. The two different designs were
rated by two different users. The top chart discusses the sweat battery belt
design, which scored high in every category besides temperature. The
only discomfort the first user experienced was attributed to the collection
of sweat. The second, shirt design was rated on a few more aspects, but
they followed the same trend. The batteries seemed a little unsecure until
the belt was fastened around them in the second trial. Again, the sweat
retention aspect scored the lowest in comfort.
1 PREVIOUS SWEAT BATTERY BELT RESULTS (DEPOMPEO ET AL,
2009)

Wearability and Comfort Ratings, Sweat Battery Belt:
Wearability Aspect

Rating (1 = bothersome  5 = no noticeable difference)
and Comments

Discomfort due to
batteries

5: could barely feel them

Temperature

3: discomfort due to sweat collection around belt

Impedance to movement

5: no impedance to motion

Table IV-1: The wearability aspects of the sweat battery belt design.
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2 NEW DESIGN RESULTS

Wearability and Comfort Ratings, Sweat Battery Shirt:
Wearability Aspect

Rating (1 = bothersome  5 = no noticeable difference)
and Comments

Discomfort due to
batteries

4-5: couldn’t feel any batteries or wiring, just worried about the
how secure the batteries were. Improved to a 5 with belt over
shirt.

Temperature

4: sweat wicking shirt actually overcooled body by quickly
removing sweat

Impedance to
movement

5: shirt and compression belt did not impede motion at all, was
actually more supportive of lower back

Safety concerns

5: exposed wires and batteries were touched with no negative
consequences

Sweat Retention

3: shirt felt very damp

Table IV-2: The ratings and comments given about the wearability of the shirt before, during, and after
trials. Simply dealt with the wearability of the bottom layer, which would cause more concerns.

4.2 DURABILITY

The mean time between failures (MTBF) was calculated using a sample
size of two, as one block represented one sample. The test time was an
hour on average, and the chi-squared value was taken from a chi-squared
value table. The α represented the confidence interval which was 0.95, or
95%. R was the number of allowable failures, which was equal to zero.
The MTBF represented the amount of time it would take for the two
completely saturated sweat battery blocks to corrode enough and lose
functionality.
MTBF goal = (sample size)(test time)(2)/(Χ2α,2r+2) (King et al, 2002)
MBTF = (2)(1 hr)(2) / (0.103) = 38.83 hours
Risk factor: 2, confidence: 95%
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The durability was subjectively evaluated by the tester on a scale of one to
five. The durability was a little lower due to the fragility of the cells. The
cells were not fastened on the top, so there was always the chance of an
anode or cathode pulling out of the cell. Extreme caution had to be taken
when taking the shirt on or off the body because again, the cells could rip
or come apart.
Durability Aspect

Rating (1 = weak  5 = robust) and
Comments

Durability while exercising

3: cells remained fixed in place while
exercising but anodes and cathodes had to
be checked for positioning, felt more
secure when belt was placed over.
Extreme care needed to be taken when
taking the garment on and off.

Washability

4: shirt could be hand washed and hung
dry. Again, cells needed to be given special
care to not rip any anode or cathodes out.
Table IV-3: The durability ratings of the sweat battery shirt design.

The cells were initially tested as a single cell, in series of three, and a
series of four to determine baseline voltages and currents. After the third
trial, or past the expected lifetime, the cells were partially deconstructed
and tested. A comparison of the two sets of data can be used to determine
the level of corrosion of the cells. The voltages and currents were
recorded and compiled into a table, and as shown below there was
significant reduction in power from the first to the third trial.
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Number of
Cells
1

Before vs. After
Before
After

3

4

Voltage (V)

0.49
0.43

Before

1.20

After

0.36

Before

3.04

After

0.38

Current (mA)
5.16
0.932
4.36
0.151
1.78
0.294

Power (mW)

2.5284
0.40076
5.232
0.05436
5.4112
0.11172

Table IV-4: A comparison of the cells after three uses to the cells in the same configurations being
tested for the first time. The comparison is used to determine the amount of corrosion of the cells.

The voltage showed a marked drop, especially in the cells in series.
The voltage is supposed to increase with each added cell in series, as
shown by the stated increase from 0.49 V, to 1.20 V, to 3.04 V for 1, 3,
and 4 cells respectively. After the third trial, the voltages remained low and
stagnant, going from 0.43 V, to 0.36 V, and finally 0.38 V.
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Figure IV-1: A graphical representation of the voltage drop of cells from before use to after three trials.
Cells were tested alone, in a series of three, and a series of four.

4.3 FUNCTIONALITY
1 TESTING OF INDIVIDUAL CELLS USING ARTIFICIAL SWEAT

To test the individual cells, an artificial sweat solution was created.
A saline solution containing 8 oz of water and 1 teaspoon of salt (NaCl)
was used to test the voltage effects on a single cell. More salt was added
to the solution to see how the voltage changed with the concentration.
Amount of salt (tsp)

Voltage(V)

1

0.02 V

2

0.12 V

3

0.19 V

4

0.40 V

Table IV-5: Effects salt concentration has on a single cell. The cell contained a steel nail as the cathode
and aluminum as the anode.
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As seen in the previous table, the voltage certainly increases with
salt concentration, ranging from 0.02 V with 1 tsp to 0.40 V at 4 tsp. A
realistic salt solution was needed to accurately recreate tests, so a
standard molarity of NaCl in sweat was used to calculate the amount of
salt that should be added.
Calculation of molarity of NaCl in sweat to create an artificial sweat
solution:
Sweat contains 20 meq / L of Na+
20 meq = 0.02 moles per L
conversion to grams: 1.17 g/L
conversion to tsp: 0.28 tsp / L
Therefore, 0.28 tsp of salt per liter of water will provide a realistic sweat
solution.

Following this, the individual voltages of the cells were tested to see
how the new materials compared to the old design. Individual batteries
were constructed, and a saline solution with 2 tbsp of salt mixed in two
cups of warm water was used as an artificial sweat. As seen below the
voltages of 0.49 V and 0.63 V were close enough to consider the new
materials comparable to the old design materials. The current of 5.16 mA
of the new material battery was actually much higher than the 0.77 mA
current of the old design. Another new material cell was also tested with
an athletic shirt laid over the battery with a slow saline drip to see how the
battery worked in realistic design conditions. The shirt overlay had even a
higher voltage and current than the initial test cell. Three cells were also
connected in series to judge the amount of voltage and current it would
get compared to calculated results using circuit theory and Ohm’s law.
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Test

Voltage (V)

Current (mA)

1st battery: new anode and

0.49

5.16

battery: old materials

0.63

0.77

3 with shirt overlay

rd

0.69

6.97

3 connected in series

1.20 V

4.36 mA

cathode

2

nd

Table IV-6: Result of testing improvements to the new sweat battery cell design.

A few different designs were also tested to make sure the
configuration chosen got the highest voltage. The anode and cathode
were contained in the same pocket and got a comparable voltage of 0.41
V, but when they touched they shorted out the circuit and got a voltage of
0 V. The aluminum mesh from the old design was specifically compared
with the aluminum bar. It was hypothesized that the mesh would get a
higher voltage because it had more surface area for corrosion, but the bar
was more robust and would last longer. The two different materials were
fairly close in voltage, with results of 0.47 V and 0.44 V, and currents of
4.16 mA and 5.16 mA. To compare them an independent two tailed
student t-test was used and resulted in a value of 0.8870. This value could
be compared to the critical t-value of 12.706 at a 95% confidence level.
The statistical t-value was less than the critical value, so it can be claimed
with a 95% confidence level that the samples are statistically similar.
Therefore, the aluminum bar was chosen as the anode for the shirt
design, and the cells between the old and new design were considered
similar in their power outputs.
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Different variations in design:
•

Anode and cathode in same pocket: 0.41 V


Goes to zero when they touch, won’t work

Material

Voltage

Current

Aluminum Mesh

0.47 V

4.16 mA

Aluminum Bar

0.44 V

5.16 mA

Table IV-7: Comparison of two different forms of aluminum metal to determine whether there was a
difference in power.

2 POWER REQUIRED FOR LIGHTING ELEMENTS

The electroluminescent wire was tested using a digital multimeter
(GW model GDM-8034) and a DC power supply (Agilent model E3620A)
connected to the 1.5 V driver to determine the power needed to light it.
The minimum voltages required were around 0.67 V, which could be
created by the sweat batteries. The minimum currents were around 0.033
A, or 33 mA. This was about 6 times the amount of current a single cell
could produce, or 82 times the amount of current the cell block could
produce. Again, it should be noted that the power needed here is
displayed in watts, while the power calculations for all the battery cells are
in milliwatts, separating them by a power of 10-3.
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Color

Intensity

Orange

barely glowing

very bright

Aqua

barely glowing

very bright

Voltage (V)

Current (A)

Power
(Watts)

0.67

0.033

0.022

0.73

0.038

0.028

0.8

0.046

0.037

1.02

0.07

0.071

1.4

0.117

0.164

0.62

0.03

0.019

0.79

0.046

0.036

0.94

0.062

0.058

1.06

0.076

0.081

Table IV-8: The current and voltage required by the two different colors of EL wire.

The power was calculated using the following equation:
Power, Watts = (Current, Amps)*(Voltage, Volts)
The LED’s were tested using a voltmeter and a circuit board. The
LED color increased with voltage intensity until the power becomes too
much to handle and it blows out. The minimum voltage required is 1.87 V,
and the current is only 0.1 mA. It is much more feasible to light LED’s than
the EL wire with the sweat battery power supply.
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Intensity

Voltage (V)

Current (A)

Power (Watts)

showed color

1.87

0.0001

0.0002

lit more of LED

1.94

0.012

0.0233

bright amber

1.88

0.005

0.0094

very bright

1.99

0.017

0.0338

Table IV-9: The ranging scale of voltage and current for the different spectrum of amber LED’s.

3

SWEAT BATTERY BELT RESULTS

The sweat battery belt was tested three times. The tests were
performed on a person while rowing, with the voltage and current recorded
every five minutes during a 40 minute workout. The table below is a
summary of the means and the standard deviations across the three trials,
for three different block samples. The minimum voltage of all the trials was
1.7 V, with the belt getting up to a maximum of 2.7 V. The current ranged
from 1.9 mA to 3.0 mA. Six LEDs connected in parallel were lit after 30
min of activity.
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Voltage (V)

Trial 1

Trial 2

Trial 3

Mean

St. Dev

Sample 1

1.9

1.7

2.0

1.86

0.15

Sample 2

1.5

2.0

2.1

1.87

0.32

Sample 3

2.4

2.3

2.7

2.47

0.21

Mean

1.92

2

2.27

Current (mA)

Trial 1

Trial 2

Trial 3

Mean

St. Dev

Sample 1

2.0

1.9

2.3

2.1

0.21

Sample 2

2.6

2.5

2.1

2.4

0.26

Sample 3

2.4

3.0

1.9

2.4

0.55

Mean

2.3

2.5

2.1

Table IV-10: The voltage (top of chart) and current (bottom) of three different samples at three different
sample times. The means and standard deviations are shown.

4

SWEAT BATTERY SHIRT RESULTS

The new shirt design was run through trials similar to the sweat
battery belt. Three functionality trials were run on the design. The shirt
was intended to be run through three trials to reach its life time capacity,
but the specifics of the trials were developed as the results were recorded.
SHIRT DESIGN: TRIAL ONE

The sweat battery shirt was worn by a subject running on treadmill.
The test was run for 40 min, with the voltage and current recorded every
five minutes. The front and back blocks were each monitored separately,
each considered a different sample. The voltage progression of the
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samples was interesting; they both started off higher at 1.1 V and 1.62 V,
dropped to a low of 1.04 V and 0.98 V, then built back up to 1.19 V and
1.11 V. There was not a large standard deviation throughout the entire
trial, with variation by only about 0.175 units.

Time
(min)

Front
Voltage
(V)

Front
Current
(mA)

Power
(mW)

Back
Voltage
(V)

Back
Current
(mA)

Power
(mW)

5

1.1

0.003

0.0033

1.62

0.08

0.1296

10

1.61

0.4

0.464

0.98

0.04

0.0392

15

1.17

0.107

0.12519

1.06

0.101

0.10706

20

1.04

0.2

0.208

1.04

0.16

0.1664

25

1.17

0.274

0.32058

1.06

0.239

0.25334

30

1.12

0.338

0.37856

1.07

0.329

0.35203

35

1.24

0.387

0.47988

1.11

0.369

0.40959

40

1.19

0.402

0.47838

1.07

0.366

0.39162

Mean

1.205

0.264

0.307

1.126

0.211

0.231

St.
dev.

0.175

0.149

0.179

0.203

0.134

0.141

Table IV-11: First trial of the bottom layer of the shirt. Voltage and current tests of the sweat batteries
were recorded. Power, mean, and standard deviations were calculated after

The voltage difference between the sweat battery belt and the shirt
was about one half of the belt voltage, with the belt getting at least 2 V and
the shirt only getting around 1 V. To test if saturation time was a factor, the
remaining voltage and current was measured 20 minutes after exercising.
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There was an increase in voltage, going from 1.19 V to 1.74 V and 1.07 V
to 1.57 V for the front and back samples, respectively. The current
dropped from 0.402 mA to 0.347 mA in the front, while the back dropped
from 0.366 mA to 0.338 mA. Recalling that the compression of the sweat
battery belt helped produce more power, the cells were then compressed
by evenly pushing down on all of them to see if it would affect the voltage.
The voltage and current did increase, as shown below.
Test

Front Voltage
(V)

Front Current
(mA)

Back Voltage
(V)

Back Current
(mA)

20 min after

1.74

0.347

1.57

0.338

Compressed

1.92

0.407

1.61

0.491

Table IV-12: Following hypothesis that cells might perform better when compressed, they were tested
after being completely saturated.

Sweat battery blocks failed to light the EL wire during and after use.
SHIRT DESIGN: TRIAL TWO

Following the results of Trial One, a Neoprene compression belt
was worn over the under layer of the shirt in an attempt to recover the
voltage difference. The belt covered all of the battery cells and left only the
output wires exposed. The voltage and current of both the front and back
were monitored as two different samples during the same vigorous cardio
workout on a treadmill. The readings were recorded every five minutes.
The results for the second trial were even lower than the first trial, with a
maximum voltage of only 1.018 V between both samples. The current also
started very low then progressed up to 0.538 mA, with about a 5 min lag
time to reach the same currents as the first trial.
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Time
(min)

Front
Voltage
(V)

Front
Current
(mA)

Power
(mW)

Back
Voltage
(V)

Back
Current
(mA)

Power
(mW)

5

0.36

0.001

0.00036

0.48

0.002

0.00096

10

0.56

0.005

0.0028

0.56

0.013

0.00728

15

0.59

0.017

0.01003

0.55

0.035

0.01925

20

0.64

0.07

0.0448

0.6

0.083

0.0498

25

0.74

0.139

0.10286

0.67

0.201

0.13467

30

0.76

0.209

0.15884

0.72

0.261

0.18792

35

0.86

0.289

0.24854

0.87

0.438

0.38106

40

0.86

0.372

0.31992

0.9

0.54

0.486

45

0.87

0.406

0.35322

0.94

0.709

0.66646

50

0.89

0.452

0.40228

0.96

0.836

0.80256

55

0.9

0.538

0.4842

1.018

0.993

1.010874

Mean

0.730

0.227

0.193

0.752

0.374

0.274

St. dev.

0.174

0.195

0.176

0.192

0.354

0.294

Table IV-13: Trial 2 results of the bottom layer of the shirt. Sweat battery cells were tested every five
minutes for voltage and current. Power, mean, and standard deviations were calculated after.

After the workout, clothing was removed but cells kept saturated to
determine if the charge continued to build. The charge really reached a
peak of 1.05 V and 0.547 mA for the front and 1.23 V and 1.132 mA for
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the back after an hour and ten minutes. The voltage and current simply fell
after that point.
Time

Front Voltage
(V)

Front Current
(mA)

Back Voltage
(V)

Back Current
(mA)

15 min after

1.05

0.547

1.23

1.132

25 min after

0.92

0.221

0.83

0.210

30 min after

0.77

0.160

Table IV-14: Voltage and currents of the back and front of the shirt after being run through two trials.
Voltage and current started to drop with time.

SHIRT DESIGN: TRIAL THREE

Since the addition of the compression belt failed to increase the
power output of the cells, other variables between the sweat battery belt
trials and the shirt trials were considered. The sweat itself was a large
experimental factor, since it was the electrolyte solution moving charge
between the anodes and cathodes. It was hypothesized that the salt
concentration of sweat would have a definite effect on the voltage and
current of the cells, as was shown in Table IV-3. Therefore, the third trial
was performed off the body, using an artificial sweat solution. The
conditions mirrored the last trial, but with a higher NaCl concentration.
A solution containing 4 tsp of salt in 1 Liter of water was used; this solution
had 14.285 times the normal concentration of salt in sweat. The
hyperosmolality was meant to truly exaggerate the effects of salt
concentration on the power produced by the sweat batteries. The voltage
for both samples barely reached 0.50 V, showing a marked decrease in
the average around 1 V for the other trials. However, the current reached
its highest peak of any of the trials with maximums of 1.175 mA and 1.853
mA.
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Time
(min)

Front
Voltage (V)

Front
Current
(mA)

Power
(mW)

Back Voltage
(V)

Back Current
(mA)

Power
(mW)

5

0.44

0.62

0.2728

0.62

1.151

0.71362

10

0.47

0.88

0.4136

0.51

1.16

0.5916

15

0.4

1.162

0.4648

0.53

1.43

0.7579

20

0.31

1.08

0.3348

0.52

1.49

0.7748

25

0.37

1.122

0.41514

0.52

1.853

0.96356

30

0.4

1.175

0.47

0.47

1.62

0.7614

35

0.4

1.352

0.5408

0.42

1.588

0.66696

40

0.33

1.34

0.4422

0.45

1.89

0.8505

45

0.42

1.059

0.44478

0.45

1.305

0.58725

50

0.41

0.957

0.39237

0.47

1.205

0.56635

210

0.37

0.708

0.26196

0.54

1.247

0.67338

mean

0.393

1.041

0.405

0.500

1.449

0.719

St. dev.

0.046

0.234

0.085

0.056

0.265

0.121

Table IV-15: Trial three results of the bottom layer shirt. Voltage and current of the sweat batteries were
recorded every five minutes, and the power, mean, and standard deviations were calculated after.

Again, just to determine if time was a factor, cells remained saturated for
3.5 hours then were tested again to see if there was any increase or
decrease in voltage and current. As seen above, there was a decrease in
voltage and current in the front and an increase for the back. There was
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not a substantial enough difference to determine that time past 40 min
made a difference.
5

RESULT COMPARISONS

To really visualize the effects that the different trial variables had on
the power output, the voltages, currents, and power were put into graphs.
The voltage and current progressions through time were plotted with data
points for every five minutes, for a duration of 40 minutes. The specific
points varied up and down between each time interval, but there were
general increasing trends for most of the lines.
In the voltage comparison, the sweat battery belt trial results are
shown rising well above the maximum of all the shirt trials. The ending
voltage is literally double the ending voltages of all the other trials. The
Trial One Front sample had a high peak of both voltage and current in the
beginning of the trial, but that spike is clearly uncharacteristic of all the
other trials. The voltages fall as the trials progress; the Trial 1 voltages are
second highest to the Belt Design, with Trial 2 following and finally Trial 3
having the lowest voltage results. This could show how the corrosion of
the cells affects functionality.

Figure IV-2: The changing voltage throughout each of the trials corresponding to time. The trials are
identified on the right. The Belt Results held the highest overall voltage.
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The current comparison chart shows some very interesting results.
The Trial 3 results hold the highest currents of all the trials, including the
belt design. The Trial 3 Back sample gets about 0.7 mA higher than the
belt design, or 58.3% more current. Trials 1 and 2 have very consistent
current results, all grouping together with very similar linear regression
coefficients.

Figure IV-3: The changing current throughout each of the trials corresponding to time. The trials are
identified on the right. The Trial 3 currents, both the front and back, held the highest currents.

The power was calculated for all of the trials by multiplying the
voltage by the current. The maximum power reading from each of the
trials was isolated and compared to the other trials. The belt results
produced by far the most power. The Trial 3 Back results were second
highest, only producing 40% of the power that the belt was able to. The
rest of the trials stayed around a median of 0.5 mW.
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Figure IV-4: The power was calculated for each of the trials by multiplying the current and voltage. The
maximum power results take both the current and voltage into account, and are good measures of
functionality. The Belt Results far surpassed the others by almost double, while the Trial 3 results came
in second.

4.4 REPRODUCABILITY AND REPEATABILITY

Reproducibility refers to consistency of measurements between
systems. The cells were all measured and created with the same
techniques to minimize discrepancies. The means and standard
deviations were compared for each sample to measure reproducibility. If
they were similar according to statistical analysis, then the results would
be considered repeatable. The same analysis was applied to the different
samples, in this case the different blocks of cells, would determine if the
results were reproducible.
REPRODUCABILITY

The voltage and current after 40 min of activity were used to create
a two by three data grid comparing the back and front samples across the
three trials. The tables were then run through statistical analysis to
determine similarity.
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Voltage:
Sample

Trial One
(V)

Trial Two
(V)

Trial Three
(V)

Mean

St. Dev.

Front

1.19

0.86

0.33

0.793

0.434

Back

1.07

0.9

0.45

0.807

0.320

Mean

1.13

0.88

0.39

0.800

St. Dev.

0.06

0.02

0.06

0.047

Table IV-16: The voltages at 40 min of the front and back samples, across the three trials

To determine whether the Front Sample and Back Sample were
statistically similar, the data was run through a Student’s T-test. First, a Ftest was performed to determine whether the samples were of equal or
unequal variance. As shown below, the P-value was larger than the alpha,
so there isn't a difference between the variances, P>α (0.353 > 0.05).
F-Test Two-Sample for Variances

Mean
Variance
Observations
df
F
P(F<=f) one-tail
F Critical one-tail

Voltage
Front
0.793
0.188
3.000
2.000
1.834
0.353
19.000

Voltage
Back
0.807
0.103
3.000
2.000

Table IV-17: F-test results for the voltage comparison of the front and back

The data was then run through a Two-Sample T-test assuming Equal
Variances. As shown in the results below, the t Stat was lower than the t
Critical, so the test fails to reject the null hypothesis that the mean
difference is zero. Therefore, the two samples are statistically similar.
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t-Test: Two-Sample Assuming Equal Variances
Voltage
Front
0.793
0.188
3.000
0.145

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference

0.000

df

4.000

t Stat

Voltage
Back
0.807
0.103
3.000

-0.043

P(T<=t) one-tail

0.484

t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

2.132
0.968
2.776

Table IV-18: The T-test results for the voltage comparisons of front and back samples

The same tests were performed for the current data, drawing the
same conclusions. The T Critical for the Current data was actually the
same as the Voltage T Critical. The Front and Back data samples were
determined to have equal variance, and then were determined to be
statistically similar with the Student T-test.
Current
Sample

Trial One
(mA)

Trial Two
(mA)

Trial Three
(mA)

Mean

St. Dev.

Front

0.402

0.538

1.34

0.76

0.507

Back

0.366

0.993

1.89

1.083

0.766

Mean

0.384

0.7655

1.615

0.922

St. Dev.

0.025

0.322

0.389

0.245

Table IV-19: The currents at 40 min for both the front and back samples, across three trials
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In the F-test, P = 0.305, which was greater than the alpha of 0.05. The
data sets had equal variance.
F-Test Two-Sample for Variances

Mean
Variance
Observations
df
F
P(F<=f) one-tail
F Critical one-tail

Current
Front
0.760
0.257
3.000
2.000
0.438
0.305
0.053

Current
Back
1.083
0.587
3.000
2.000

Table IV-20: The F-test results for the current comparisons of the front and back samples

The T-test for equal variances resulted in a t-stat of -0.609, which was less
than the T-crit of 2.776. The test failed to reject the null hypothesis that the
mean difference was zero, meaning that the samples were again
statistically similar.
t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Current
Front
0.760
0.257
3.000
0.422
0.000
4.000
-0.609
0.288
2.132
0.575
2.776

Current
Back
1.083
0.587
3.000

Table IV-21: The T-test results for the current comparisons of the front and back samples
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REPEATABILITY

To observe repeatability, the front voltage results were compared
from Trial One to Trial Two. The cells were run through the same
statistical analysis as discussed above.
Time
(min)

Front
Trial
One (V)

Front
Trial
Two (V)

5

1.1

0.36

10

1.61

0.56

15

1.17

0.59

20

1.04

0.64

25

1.17

0.74

30

1.12

0.76

35

1.24

0.86

40

1.19

0.86

Table IV-22: The voltage comparisons of the same cells between the first two trials

The P value from the F-test was 0.469, which was less than the
alpha value, determining the sample sets to be of equal variance.
F-Test Two-Sample for
Variances

Mean
Variance
Observations
df
F
P(F<=f) one-tail
F Critical one-tail

Front Trial One
(V)
1.205
0.030
8.000
7.000
1.063
0.469
3.787

Front Trial Two
(V)
0.671
0.029
8.000
7.000

Table IV-23: The F-test results for the repeatability test of the front cells

The tests were then run through a two-sample t-test assuming
equal variances. The T-stat was actually greater than the T-critical,
meaning that the null hypothesis was rejected. The test was run with a null
hypothesis that the mean difference between the two sets was zero, so
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rejecting that hypothesis means that there is a difference between the sets
of data.
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Front Trial One
(V)
1.205
0.030
8.000
0.030

Front Trial Two
(V)
0.671
0.029
8.000

0.000
14.000
6.207
0.000
1.761
0.000
2.145

Table IV-24: The t-test results for the repeatability test of the front cells

4.5 SAFETY

The safety aspects of the shirt were important components. For
safety regarding the electricity conducted by the bottom layer, a safety
factor had to be factored in to the maximum power rating. The safety
factor chosen was three, resulting in a maximum of 4.8 V that could come
out of the sweat battery layer. The maximum voltage needed to be within
a safe range for human contact. The calculations are shown below.
SAFETY OF LOWER SWEAT BATTERY LAYER:

Safety Factor (3) x Max. Voltage (per block) = 4.8 V (Hardly enough
voltage to affect a human)
ENHANCED PEDESTRIAN SAFETY, MEASURED BY VISIBILITY

The second aspect of safety regarded the pedestrian safety as a
result of the visibility top layer of the shirt. Studies claimed that lights
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illuminating the limbs and conveying human motion would increase
pedestrian visibility. The lights were all arranged to convey motion and
highlight the human form, so if the lights could be clearly seen, then they
would be effective.
The shirt was tested for visibility outside in dark conditions. The
outer layer was worn with each of the lighting elements activated, using
three 1.5 V drivers and AAA batteries to power the elements. The drivers
were switched on, and the subject went outdoors. The visibility of the shirt
was recorded using a Panasonic DMC-LX2 camera with a Leica DC VarioElmarit lens. The camera was kept on the manual mode, with the lens set
at F2.8 and the shutter speed at 1/25 second. These settings were
enough to capture the lighting elements but not absorb too much ambient
light. The pants that were worn were heather grey, to show the difference
in visibility between a non-luminescent clothing color and the shirt
designed for high visibility. The shirt was photographed in light, dimly lit,
and dark conditions, as shown below. The shirt was highly visible in all
environments.

Figure IV-5: The visibility layer of the shirt, in light conditions (left) and dimly lit conditions (right).

The model wearing the shirt stood 20, 30, 40, and then 50 feet
away from the camera to determine the length of visibility. The pants are
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barely visible in any of the photos, but the white of the shirt can be seen
up to 30 feet away. The lights can be seen up to 50 feet away.

Figure IV-6: The shirt at 20 feet away (left) and 30 feet away (right).

Figure IV-7: The shirt at 40 feet away (left) and 50 feet away (right).
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To determine the amount of time this distance translates to, the speed of
the car was converted from miles per hour to feet per second. In a
suburban area, the speed limit is usually 25 mph. Using the conversion
factors of 5280 ft per mile and 216,000 seconds per hour, the speed limit
was converted to 36 ft / sec. 60 feet is roughly 2 seconds.
V.

DISCUSSION

The theory and initial design of the wearable sweat battery was
initially developed and created by the Syracuse University BEN 487 Waste
to Work Senior Design group last semester. The initial testing was done
with several different materials to determine the optimal anode and
cathode. The design was tested with a variety of sweat absorbing
materials for the spongy cell. The cell block configuration was developed
based off of theoretical calculations and actual testing results. The design
was sewn onto a compression belt, which could easily be easily worn
during aerobic activity. The results from three different trials are shown in
Table V-2. As seen the belt got to and above 2 V, and had current
averages around 2 mA. The belt, with three blocks, was successful in
lighting 18 LED’s. However, the design had some limitations for longevity
and practical application, such as the use of artist’s charcoal as a cathode
and the omission of actual connections.
The shirt design was created to improve and further the sweat
battery technology. The testing was started by replacing the artist’s
charcoal with a pure carbon electrode. The aluminum mesh was also
replaced with an aluminum bar. As shown in Table V-3, the new design
had about the same voltage as the old cell, and actually got more voltage
when it was tested in application environment conditions. It was
hypothesized that the aluminum mesh would perform better than an
aluminum bar due to an increased surface area, but there actually was an
increase in current with the aluminum bar as shown in Table V-4. The twotailed student t-test was performed with the hypothesis that the two
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samples were different, but the t-statistic failed to fall in the critical region,
so the samples were deemed statistically similar. Therefore the aluminum
bar could be used as a more durable and consistent alternative to the
aluminum mesh.
The electroluminescent wire was initially tested to determine its
working voltage range. A voltmeter was attached using alligator clips to
the terminals of the driver, which was then attached to the wire. The
working voltage range, starting at a minimum of 0.75 V and 0.70 V,
seemed to be feasible for the sweat battery block, which could
theoretically get up to 2 V. However, when the sweat battery belt was
running and connected to the driver, there was no visible change in the EL
wire. This was due to overlooking the current component, which would
determine the amount of power the EL wire needs to operate. Upon
further investigation, the EL wire requires at least 0.033 A to operate as
seen in Table V-5, which is about 125 times the amount of current the
sweat battery could supply.
The first test of the new sweat battery shirt did not perform as well
as the previous belt design. The mean voltages were 1.205 V for the front
and 1.126 V for the back, in comparison to the mean of 2.27 V and 2.1 V
for the old design. The old design also got up to a current of 1.7 mA after
30 min of working out, while this current only got up to 0.4 mA. The
reasons for these discrepancies could be the change in environment of
the cells. Before, the sweat batteries were flush against the skin, with a
compressive neoprene belt holding them firmly in place. In the new
design, the batteries were separated from the skin by a layer of sweat
wicking fabric, with no compressive force. In the final design the top layer
is meant to be placed over the bottom power shirt, but for testing purposes
the top layer was left off. Recalling this, the sweat soaked cells were
tested again after the workout, but this time compressed. In both cases
the voltage and current increased with compression as shown in Table V-
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7, leading to the conclusion that compression of the batteries does make a
difference. A difference in electrolyte concentration between the users
could also be a factor in the drop of power, but the mechanical
compression was a factor that could be experimentally controlled.
Therefore, the same trial was run again in Trial 2, this time using
the compressive Neoprene Waist Trimmer belt fastened around the torso,
covering the sweat battery blocks but allowing the output wires to stick
out. Both samples kept increasing in voltage and current, as can be seen
in Table V-8 by the positive correlation. The workout was extended twenty
minutes to see how high the voltage would go, but they both barely
reached 1 V, which is half the voltage needed to light an LED. The voltage
and current on average were slightly lower than the Trial 1 results, which
can be attributed to two factors. The first would be that compression was
not necessary, and actually decreased the electrical abilities of the shirt.
The second factor could be that the cells were already used once and had
corroded quite a bit already, and were not able to perform as well due to
natural degradation. Since they seemed to be simply increasing in power
with the amount of time they were soaking, the cells were left after the
workout and tested a few times to see how they performed. Shown in
Table V-9, the voltage and current in both the front and back were highest
15 min after the test was ended, or an hour and 10 min of being exposed
to the electrolyte solution. However, these numbers started to drop after
that point, suggesting that the power had reached its time based peak and
retrogressed any time further than that.
As seen in the Figure V-3 and Figure V-4, the previous design far
outperformed the two trials with the new design. It was hypothesized that
the sweat composition of the athlete wearing the shirt could affect the
performance of the battery. There was a difference in diet and activity
levels between the wearer of the previous design and the wearer of the
current trials. The current wearer followed a vegetarian diet, along with
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high fluid intakes. The difference in a diet abstaining from meat would
result in increased potassium levels due to a greater produce intake.
However, these excess electrolytes are usually excreted through the urine
so it wouldn’t greatly affect sweat composition (Vesty, R.D, 2010). Studies
have also shown that there is no significant difference in sweat
composition between a fasting athlete and a normally consuming athlete
(Shirreffs et al, 2008). Thus, amounts of water, diet, and factors that vary
from individual to individual should not affect the performance of the shirt.
Difference in activity levels could also affect the amount and
composition of sweat. The sodium concentration in sweat greatly varies
from person to person even in controlled conditions between trained
athletes (Maughan). As seen in Table V-1, the voltage increases with the
amount of NaCl added to the artificial sweat solution. The natural level of
sweat falls in the midrange of that chart, but the voltage that the battery
produces increases with an increasing concentration of salt. A trained
athlete has a higher rate and amount of sweat when they are exercising
(Merry et al 2008). Sweat rate influences the amount of sodium in the
blood; the amount of sodium ions that are not reabsorbed increases
linearly with sweat rate. When the sweat rate exceeds a certain threshold
it impedes the Na+ reabsorption in the sweat duct. This mechanism
increases the Na+ concentration in sweat (Buono et al, 2007). The first
tester of the belt was a collegiate varsity athlete, participating in extensive
training sessions daily. The second tester is an intermediate athlete,
participating in moderate cardio activity three times a week. The difference
in activity levels of the users affects their sweat rates, and therefore also
the sodium ion concentration of their sweat. This difference could
definitely account for the differences in voltage, as shown by the voltage
and salt concentration in Table V-1.
Trial three showed the effects of a very high concentration of salt
on the sweat batteries. The conditions were not ideal because it did not
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perfectly match the conditions that the other trials were run under. The
voltages were much lower than expected, and as shown in Figure V-3
they were the lowest of any of the trials. However, the currents even
exceeded even the top currents of the battery belt design, which
continually had the best functionality. As seen in the Figure V-4, the third
trial reaches the maximum voltage of the belt design before continuing to
rise. This shows that the salt concentration of the electrolyte solution
definitely has an effect on the functionality of the battery. In the
comparisons of maximum power, the belt design still had the highest
power point, but the third trial was a close runner up. A reason for the
incredibly low voltages of trial three could be due to simple corrosion of
the sweat batteries, and a consequent decrease in functionality.
Measurements taken from both before and after of several smaller cell
configurations reveal that there was a definite decrease in both voltage
and current across series of three and four cells. These results are shown
in Table V-11 and better illustrated in Figure V-2, where the sizable
decrease is very evident. This could show that there was possibly uneven
corrosion across the twelve cells used in each battery block, which would
result in a lowered total output. If there were a few cells that corroded
significantly in a series configuration, the total output lowers because the
output is a sum of the individual voltages. This lowered output was
probably lowered across each of the three rows of series, significantly
decreasing the total output. The current wouldn’t be as affected because it
only combined three times across the parallel connections. Therefore, the
third trial cannot be taken as an accurate representation of the effects that
salt concentration have on the functionality of the batteries.
The sweat battery belt design surpassed the shirt design in most
aspects. It was more successful with its functionality, and in achieving a
higher voltage and current. There are multiple factors that could’ve
contributed to the poor performance of the shirt design, mainly dealing
with the actual sweat. The differences in the cell design were not
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significant enough to produce a change. The change had to come from a
reduced amount of sweat and a filtering of salt due to the sweat wicking
layer between the skin and the battery. There could also be a difference in
Na+ and Cl- concentration between the testers’ sweat. The concentration
of salt does have a marked effect on the ability of the cells to conduct
electricity, and without it they do not perform as well.
The cells proved to be reproducible but not repeatable. The data
sets were similar for both the voltage and currents of the two different
samples for each of the trials. This makes sense because the regression
of both sets of data is very similar. They both reached their best voltage
and current in the first trial, and then the power subsided throughout the
trials as the batteries corroded. There was a noticeable increase in current
for the last trial, but that increase was consistent for both the samples. The
cells failed the repeatability test due to corrosion. The same cells were not
able to produce the same voltages between two trials, which is only
natural due to the degradation of the electrodes.
The top layer of the shirt performed quite well when tested
separately from the bottom battery layer. The colors used in the shirt
made it stand out in all different lighting conditions, especially shown when
contrasted with a color that was not as visible. The LED’s did not have a
very strong presence unless the subject was within 10 feet, but the EL
wires were visible for up to 50 feet. This gives drivers ample notification of
the wearer’s presence. While driving in a typical suburban neighborhood
where the speed limit might be 25 or 30 mph, this gives the driver about 2
or 3 seconds to respond to a figure they otherwise would not see. Studies
show that in unexpected situations, the average break reaction time for a
moderately alerting situation is below 1 second (Summala, 2000).
Therefore, the lights on the shirt increase the safety of the exercising
pedestrian two to three times than if they were not wearing visible clothing.
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VI.

CONCLUSION

There is a need for increased pedestrian safety and vehicular
awareness when running on roadways. Specific changes in pedestrian
visibility can create driver recognition more quickly, resulting in a faster
reaction time. Bright colors, reflective materials, and lights can be used to
increase visibility. Emphasizing the joints and highlighting the human form
while moving makes for biomotion recognition, where the driver
recognizes the human form more quickly.
This design looked to fulfill the need for a piece of wearable
technology, which interacts with the body and provides better visibility.
The design incorporated a new technology, which uses resources
produced by the body to power the shirt. The sweat battery design was
continued from the sweat battery belt produced by a senior design group
at Syracuse University. The battery was made stronger with more fortified
materials, and sewn onto a layer of sweat wicking material to reduce the
amount of interaction with the body. The design was coupled with a top
layer, which incorporated in the visibility aspects, and worked as a
practical application for the power.
Although the sweat battery worked consistently well in the previous
belt design, it did not produce enough voltage or current to power the
visibility lights in this application. Differences in design or in the actual
sweat could’ve caused this reduction in power. In the future, the sweat
rate and sweat composition of the wearer should be monitored to
determine the correlation between those factors and the functionality of
the batteries.
The top layer of the shirt did work to improve visibility of an
exercising pedestrian in dimly lit conditions. The lighting and color
components of the design certainly made the athlete stand out from the
surroundings. While this shirt incorporates in many aspects of visibility,
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even just integrating one of them into regular work out apparel would likely
improve a runner’s chances of safety.
While this design is still elementary, it delves into different
possibilities for many different fields. The blend of a wearable garment and
technology is a testament to the direction fashion is heading. The garment
was further integrated into science through a biotechnology application of
using body excrement as an alternative power source. While the creation
of the garment requires intensive labor and still has rudimentary materials,
there is the possibility of this being manufactured for better results.
VII.
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